To measure the impact of the RAD51 pathway on SisterChromatid Exchanges (SCE), we used hamster cells expressing either the wild-type MmRAD51, which stimulates, or the dominant negative SMRAD51, which inhibits, gene conversion without aecting cell viability of untreated as well as g-rays irradiated cells. We show that MmRAD51 did not aect the rate of spontaneous SCE while it strongly stimulated spontaneous recombination between tandem repeats. No spontaneous recombinant was detected when expressing SMRAD51 while spontaneous SCE were only slightly diminished. After treatment by an alkylating agent (MNU), MmRAD51 stimulated MNU-induced recombination whereas no recombinant was detected when expressing SMRAD51. MNU induced SCE in all cell lines, even in the SMRAD51 expressing lines, but the induction of SCE was slightly more ecient in lines expressing MmRAD51 and less ecient in lines expressing SMRAD51. Thus, in mammalian cells, the RAD51-dependent gene conversion pathway drastically aects recombination between intrachromosomal tandem repeats, whereas it only partially participates in SCE formation, measured at a chromosomal level. These results show that RAD51-gene conversion can participate in induced SCE but that alternative pathways should exist. Oncogene (2001) 20, 6627 ± 6631.
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Keywords: homologous recombination; SCE; RAD51; mammalian cells; alkylating agent Faithful genome transmission during cell division requires the combination of several mechanisms including cell cycle checkpoints, DNA replication and recombination. The presence of two identical chromatids during replication may emphasize the importance of homology-directed repair during replication. In yeast, repair of lesions during replication often involves recombination between sister-chromatids (Fabre et al., 1984; Kadyk and Hartwell, 1992) . Depending on the mechanisms involved and/or on the resolution of the repair intermediate structures, these events can result or not in exchange of the sister chromatids. The RAD52 epistasis group, is involved in recombination repair via gene conversion. In particular, the choice of the partner for recombination (homologous chromosome versus sister-chromatid) is strongly regulated. Indeed, RAD54 seems critical for sister-chromatid repair whereas its homologue RDH54 (TID1) seems uninvolved. Moreover, Rad51 protein interacts strongly with Rad54 protein but less with Rdh54, suggesting a role of Rad51 in sister-chromatid exchanges (SCE) (for review see Haber, 2000) .
In vertebrates, the situation appears to be more complex. RAD51 is an essential gene in chicken as well as in mouse (Sonoda et al., 1998; Tsuzuki et al., 1996) , in contrast to yeast. In the chicken DT40 line, repression of the RAD51 gene results in an accumulation of chromosome breaks, decrease in spontaneous SCE and cell death. It has been suggested that the essential role of RAD51 in vertebrates is to allow cells to complete replication when damage occurs during this step, by promoting SCE (Sonoda et al., 1999) . This hypothesis has been extrapolated from the chicken DT40 line to mammalian cells because RAD51 is also an essential gene in mouse (Tsuzuki et al., 1996) . Consistent with this hypothesis is the importance of sister-chromatid gene conversion for double-strand break (DSB) repair and the importance of RAD51 in DSB-induced gene conversion in hamster cells (Lambert and Lopez, 2000) . However, nothing is known on the actual role of RAD51 in SCE in mammalian cells, and whether this is the essential function of RAD51. First, SCE and gene conversion can refer to, in part, distinct events. SCE measures exchanges between the chromatids, on suciently long DNA tracts, to be detected by cytological techniques and dierent pathways can account for SCE; for example dierent models involving topoisomerases have been reviewed (Dillehay et al., 1989) . Gene conversion can involve short tracts of DNA with or without exchanges some of them being undetectable by cytological techniques. Second, RAD54 is not an essential gene in mouse, even though its inactivation decreases SCE occurrence (Dronkert et al., 2000) . Third, hamster cells with mutant RAD51-paralogues gene, XRCC3, are viable, and despite reduction in recombination eciency (Pierce et al., 1999; Johnson et al., 1999) , these lines show normal levels of spontaneous SCE (Fuller and Painter, 1988) . Fourth, the RAD51 recombination pathway can be substantially impaired without aecting cell viability in hamster cells (Lambert and Lopez, 2000) . These considerations raise the question of the actual role of
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We used a collection of cell lines derived from the hamster CHO DRA10 line. They contain an intrachromosomal tandem repeat of two inactive neomycin (NEO) resistant genes ( Figure 1a) . Recombination between the two NEO sequences re-creates a functional neomycin resistant gene. Recombinant cells are thus resistant to G418 (Liang et al., 1998) . From the CHO DRA10 we derived lines over-expressing either the wild-type mouse MmRAD51, the yeast ScRAD51 or the chimera yeast/mouse SMRAD51 (see Figure 1b) . These lines derive all from the same parental line containing the integrated recombination substrate. Recombination is thus measured at the same locus in the dierent derivative lines, avoiding any putative position eect between the dierent lines compared. MmRAD51 stimulates spontaneous and double-strand break-induced recombination (hyper-rec cell lines). In contrast, both ScRAD51 and SMRAD51 inhibit recombination without aecting cell viability (hyporec cell lines). Importantly, these dierent forms speci®cally aect the gene conversion pathway but none of them modify cell viability (Lambert and Lopez, 2000) . The characteristics of the cell lines are summarized in Figure 1c .
Using the cell lines described above, we analysed here the possible involvement of the mammalian RAD51-gene conversion pathway in the SCE process. Recombination between intrachromosomal tandem repeat sequences ( Figure 1a ) was studied in parallel and compared to SCE measured at the cytogenetic level.
Spontaneous recombination is strongly stimulated (12.9 ± 53.1-fold) by MmRAD51, compared to the control line. In contrast, no spontaneous recombinant was detected in the hypo-rec lines (Table 1) . These results are consistent with our previous¯uctuation analysis of spontaneous recombination rate per cell per generation. Indeed, MmRAD51 stimulate 10 ± 30-fold the rate of spontaneous recombination, whereas the recombination rate could not be calculated in the hypo-rec lines, most of the cultures containing no recombinant (Lambert and Lopez, 2000) .
MNU provokes alkylation of DNA. It has also been shown to induce SCE (Connell and Medcalf, 1982) . We ®rst veri®ed the toxicity to MNU of the dierent cell lines used. Increasing the MNU concentration increased lethality in treated cells. However, no dierences between the dierent cell lines were recorded, whether the mouse MmRAD51 (hyper-rec) or the dominant negative SMRAD51 (hypo-rec) was expressed (Figure 2a, b) . Figure 1 The cell lines used here derive from CHO-DRA10 containing an intrachromosomal recombination substrate (a) and expressing dierent RAD51 forms (b). (a), recombination substrate: CHO-DRA10 line contains a tandem repeat of two inactive sequences of the neomycin resistance gene (S2neo and 3'neo black boxes); the cells are thus sensitive to G418. S2neo contains a promoter (hatched box) but is inactivated by the insertion of the I-SceI sequence (gray box). 3'neo is not expressed because of the absence of any promoting sequence. Recombination between the two inactive neo sequences can re-create a functional neo resistant gene that will confer resistance to G418 on the recombinant cell (Liang et al., 1998) (Lambert and Lopez, 2000) . CH0 DRA10 cells and their derivative lines were cultured at 378C with 5% CO 2 in Dulbecco's modi®ed Eagle medium supplemented with 10% fetal bovine serum
We then tested whether MNU stimulates recombination between tandem repeat sequences and whether MmRAD51, ScRAD51 or SMRAD51 aect MNUinduced recombination. At a concentration of 10 mg/ ml, MNU slightly induced recombination in the control lines. At the same concentration, recombination was 5 ± 7-fold stimulated in two dierent hyper-rec lines (Figure 2c ). In contrast, no recombinants were recorded in ®ve dierent hypo-rec cell lines (Figure 2d) , showing that MNU did not induce detectable recombination in the Hypo-rec lines. This corresponds to an at least 10-fold inhibition of homologous recombination. MNU produces several kinds of alkylated bases, among which, O 6 -methyl-guanine has Figure 2 Sensitivity of the dierent cell lines to MNU, measured by plating eciency (a and b) and recombination induced by MNU (c and d). Cells were incubated with MNU at the concentration indicated for 24 h. After treatment, the cells were trypsinized, counted and divided into two fractions. The ®rst fraction was used to calculate the viability by measuring the plating eciency. The second fraction was plated using G418 selection to measure the recombination frequency. Recombinant clones were selected in 500 mg/ml of G418 (Liang et al., 1998) . (Zhang et al., 1996) . We show here that the wild-type mouse MmRAD51 strongly increases MNU-induced recombination, whereas no MNU-induced recombinant was detected in the hypo-rec lines. Taken together, these results indicate that like DSB-induced recombination (Lambert and Lopez, 2000) , MNU-induced recombination also uses the RAD51-dependent pathway. These data demonstrate the strong eect of the expression of the dierent RAD51 forms on recombination induced by a wide variety of stresses: spontaneous, ionizing radiation, enzymatic cleavage (Lambert and Lopez, 2000) , and alkylating agent such as MNU (present paper).
Spontaneous and MNU-induced SCE were quanti®ed in control, hyper-rec and hypo-rec lines (Figure 3a,  b) . The status of RAD51 did not signi®cantly aect spontaneous SCE (Figure 3b) . Using a non parametric Mann ± Whitney test, the dierence versus the control cell line (CHO-DRA10) was not statistically signi®cant (P=0.59) for the hyper-rec line (MmRAD51-2), but was signi®cant (P=0.021) for the hypo-rec line (SMRad51-1) (Figure 3c ). The dierence was more signi®cant between the hyper-rec and the hypo-rec cell lines (P=0.005). Thus the RAD51 pathway drastically aects spontaneous recombination between tandem repeats (Table 1 and Lambert and Lopez, 2000) , whereas it does not (hyper-rec line) or moderately (hypo-rec line) aects spontaneous SCE.
As expected, MNU stimulated SCE formation in treated cells (Figure 3b , compare right and left panels). In the control cell lines, the mean number of SCE per mitosis, increased from 13.4 in non-treated cells to 25.3 in cells treated with MNU (Figure 3b ). In the hyper-rec line (over-expressing MmRAD51), the mean number of SCE per mitosis increased from 13.9 in non-treated Figure: the upper panels correspond to the hyper-rec line, the central panels to the control line, and the lower panels to the hypo-rec line. The mean number of SCE/metaphase+the 95% con®dence interval is indicated in each panel. Spontaneous SCE are in the left panels and SCE induced by MNU (10 mg/ml) are in the right panels. (c) The dierences in the distributions were evaluated by a Mann ± Whitney test. The tables indicate the P value between two cell lines; the left table corresponds to spontaneous SCE and the right table to MNU-induced SCE. SCE were analysed using the following technique: 48 h after plating of 5610 5 cells, BrdU (5-bromodeoxyuridine) solution was added at 5 mg/ml for two cell generations (40 h). Twenty hours after addition of BrdU, MNU was added at a ®nal concentration of 10 mg/ml, for one generation. After addition of colchicine (0.06 mg/ml) for 5 h, cells were collected and incubated in KCl (12.5 mM) and human serum (1/7) for 20 min at 378C. Cells were ®xed in methanol/acetic acid (3 v/1 v) and spread on cold and clean slides strips. Slides were incubated in Hoechst (33258) at 10 mg/ ml for 20 min and then denatured by UV exposure for 105 min, in the presence of 26SSC, then incubated in 26SSC at 608C for 20 min. They were stained with 1.5% Giemsa and 1.5% phosphate buer, in bi-distilled water cells to 30.7 in cells treated, a higher frequency than in the control lines. The frequency of MNU-induced SCE in the hypo-rec line (expressing SMRAD51) was consistently 19.2, which is lower than in the treated control lines. The dierences in MNU-induced SCE between the control lines and the hypo-rec as well as the hyper-rec lines were statistically signi®cant (P=0.0001). This result shows that the wild-type MmRAD51 stimulates the induction of SCE by MNU. In the hypo-rec line, SMRAD51 does not inhibit the induction of SCE but only decreases the extent of this induction.
Inhibition of the RAD51-gene conversion pathway partially aects SCE whereas it drastically aects spontaneous as well as induced recombination between tandem repeats. This shows that gene conversion, measured at a molecular scale level between tandem repeats, and SCE, measured at a chromosomal scale level, are not fully correlated. Remarkably RAD54 acts in a similar way to RAD51. Indeed, inactivation of the rad54 gene leads to a slight reduction in spontaneous SCE formation and to a more pronounced eect on induced SCE (Dronkert et al., 2000) . Moreover, Rad51 and Rad54 proteins physically interact (Golub et al., 1997) . In addition, the yeast ortologs of RAD51 and RAD54 are members of the same epistasis group. These results suggest that RAD51 and RAD54 act in a common pathway. We cannot exclude that low or undetectable levels of recombination would be sucient to ensure its putative role in cell viability. Nevertheless, the eciency of the RAD51 pathway, involved in spontaneous as well as in induced (g-rays, MNU; I-SceI) recombination, can substantially be decreased without aecting cell viability. Similarly, complete inactivation of rad54 in null mutant mice leads to a decrease of recombination but animals are viable (Essers et al., 1997; Dronkert et al., 2000) .
The results presented here are in part dierent from that observed in the chicken DT40 cell line in which inactivation of RAD51 aected both spontaneous and induced SCE and lead to spontaneous cell lethality (Sonoda et al., 1999) . The dierences observed with the chicken DT40 cells might re¯ect the evolutionary distance, between mammals and birds, and/or cell line dierences. Indeed, the chicken DT40 line spontaneously exhibits a high level of recombination not found in mammalian cells. For example, gene targeting is very ecient in DT40 cell lines in contrast to mammalian cells (Buerstedde and Takeda, 1991) . This suggests that the RAD51 pathway could be predominant, compared to mammalian cells. In such a context, it is possible that SCE are more strictly dependent on RAD51 in DT40 lines than they actually are in mammalian cells.
